A new phlebovirus, Medjerda Valley virus (MVV), was isolated from one pool of Phlebotomus sp. (Diptera; Psychodidae) sandflies trapped in the vicinity of the Utique site, northern Tunisia. Genetic analysis based on complete coding of genomic sequences of the three RNA segments indicated that MVV is most closely related to members of the Salehabad virus species, where it is the fourth virus for which the complete sequence is available. A seroprevalence study was performed to search for neutralizing antibodies in human sera in the same region. The results demonstrate that in this area, MVV can readily infect humans despite low seroprevalence rates. Salehabad species viruses have generally been considered to be a group of viruses with little medical or veterinary interest. This view deserves to be revisited according to our human seroprevalence results, together with high animal infection rate of Adana virus and recent evidence of human infection with Adria virus in Greece. Further studies are needed to investigate the capacity of each specific member of the Salehabad virus species to cause human or animal diseases.
INTRODUCTION
Sandflies are vectors of arthropod-borne viruses within the families Reoviridae (Changuinola virus), Rhabdoviridae (irririvirus, vesicular stomatitis virus, Isfahan virus) and Bunyaviridae. In the latter family, sandfly-borne viruses can be found in eight of the nine viral species belonging to the genus Phlebovirus (Plyusnin et al., 2011) . All members of the genus Phlebovirus have three segments of negative-sense, single-stranded RNA genome. The L, M and S segments encode the RNA-dependent RNA polymerase, the viral envelope glycoproteins and, in the case of the S segment, both the viral nucleocapsid (N) protein and a nonstructural (Ns) protein (Liu et al., 2003; Suzich et al., 1990; Xu et al., 2007) .
Sandflies are tiny insects widely distributed in the Mediterranean basin. They live in peri-urban or rural environments, often close to domestic animals and humans. The phenology of Mediterranean sandflies shows two peaks, a small one in June and a second larger one in 3These authors contributed equally to this work.
The GenBank/EMBL/DDBJ accession numbers for the Medjerda Valley virus sequences obtained in this study are KU225114 (L RNA segment), KU22115 (M RNA segment) and KU297253 (S RNA segment).
September-October . Haematophagous females can bite humans, and the risk of infection with sandfly-transmitted phleboviruses has been shown to cover very large areas (southern Europe, Africa, the Middle East, central and western Asia) in connection with the presence of the sandfly vectors (Tesh et al., 1976) . In the Mediterranean area, several phleboviruses are circulating, as demonstrated by virus isolation and/or molecular detection in sandflies, and some of them [e.g. Toscana virus (TOSV), Naples virus and Sicilian virus] are recognized human pathogens (Maroli et al., 2013) . These sandfly-borne phleboviruses belong to three distinct serocomplexes: (i) the sandfly fever Naples virus serocomplex, including TOSV and related viruses (Naples, Tehran, Massilia, Granada, Punique etc.), (ii) the sandfly fever Sicilian virus serocomplex, including Sicilian virus and related viruses (Cyprus, Turkey etc.) , and (iii) the Salehabad virus serocomplex, including Salehabad virus (SALV) and related viruses [Arbia virus (ARBV), Adria virus (ADRV) etc.].
Owing to continual discovery of new phleboviruses, the classification of those viruses is in constant evolution. ARBV was isolated for the first time in 1985 from Phlebotomus perniciosus in Tuscany and is listed as a strain or subtype of Salehebad virus species (Verani et al., 1988) . To date, there are no data suggesting that ARBV can infect humans. Recently, a new virus, provisionally named ADRV, was detected in the cerebrospinal fluid of a 2-year-old boy hospitalized for febrile seizure (Anagnostou et al., 2011) . This virus, closely related to but distinct from ARBV, also belongs to the Salehabad virus serocomplex, demonstrating that some phleboviruses within this serocomplex could be human pathogens. Most recently, a new virus in the Salehabad virus species, named Adana virus (ADAV), was isolated from Phlebotomus sp. in Turkey (Alkan et al., 2015) . A seroprevalence study in the Mediterranean part of Turkey demonstrated that 35 % of goats, sheep and dogs possess neutralizing antibodies compared with fewer than 1 % of humans, supporting an intensive zoophilic circulation of ADAV in the region (Alkan et al., 2015) . In Tunisia, recent entomological studies have demonstrated that the genetic diversity of phleboviruses was underestimated, and several were found to circulate in sandfly populations: TOSV, Punique virus and Saddaguia virus Fares et al., 2015; Zhioua et al., 2010) , which belong to the sandfly fever Naples virus serocomplex, and Utique virus (Zhioua et al., 2010) , included in the sandfly fever Sicilian virus serocomplex. In the present study, we present the results of virological surveillance for viruses belonging to the Salehabad virus serocomplex performed in 2010 in northern Tunisia.
RESULTS

Sandfly trapping and phlebovirus RNA detection
A total of 5288 sandflies (3547 females and 1741 males) were trapped at the Utique site. They were organized into 249 pools. Eleven pools were positive with either NPhleboor SFNV-consensus assays (see Methods), or both. PCR products of the expected size were gel-purified for Sanger sequencing. Sequences of 201, 505, 280 and 401 nt (excluding primers) were obtained, respectively, with the NPhlebo2+/22, NPhlebo1+/12, SFNVS2/R2 and SFNVS1/R1 systems. Two pools were positive for TOSV , three contained Punique virus RNA, three contained Utique virus RNA, and two contained other phleboviruses currently under characterization. The partial L sequences obtained from pool T131 were most closely related to but clearly distinct from sequences of ARBV belonging to the Salehabad virus species. Pool T131 contained unidentified females trapped in September 2010. It is important to point out that sandfly species distribution has been previously studied at this site, showing that P. perniciosus is the most abundant species Zhioua et al., 2010) .
Virus isolation
Vero cells (ATCC CCL-81) inoculated with pool T131 showed a cytopathic effect (CPE) after 4 days, which was reproduced during three serial passages (P1 to P3). The presence of the virus was confirmed by positive reverse transcriptase PCR (RT-PCR) at each passage. From the 249 pools, eight virus strains were recovered: two strains of Toscana virus, three strains of Punique virus , two strains of other phleboviruses currently under characterization, and one strain related to the Salehabad virus species, corresponding to pool T131, provisionally called Medjerda Valley virus (MVV) after the eponymous valley located nearby.
Next-generation complete genome sequencing
The reads were processed by CLC Genomics Workbench 7.0.4. Reads longer than 30 nt were trimmed using CLC Genomic Workbench 6.5, with a minimum 99 % quality per base, and mapped to reference sequences (ARBV strain ISS PHL18, GenBank accession nos JX472400, JX472401 and JX472402 for the L, M and S segments, respectively). Parameters were set such that each accepted read had to map to the reference sequence for at least 50 % of its length, with a minimum of 80 % identity to the reference.
The complete genome of MVV consisted of 6403, 4216 and 1758 nt for the L, M and S segments, respectively (GenBank accession nos KU225114, KU22115, KU297253).
The polymerase gene encodes a 6291 nt ORF, corresponding to 2097 aa. The ORF of the glycoprotein gene is composed of 4002 nt (1334 aa). The small segment contains a 747 and a 822 nt ORF, which are translated, respectively, to an N protein (249 aa) and an Ns protein (274 aa). Sequences obtained using next-generation sequencing (NGS) were confirmed by direct sequencing performed on overlapping PCR products using Sanger sequencing. 
Genetic distances
Pairwise distances of the nucleotide and amino acid sequences among MVV and viruses in the Salehabad virus complex as well as other phleboviruses are shown in Table 1 . Amino acid pairwise distances between MVV and other Salehabad complex viruses were i4 % (L), i28.9 % (Gn), i16.4 % (Gc), i0 % (N) and i2.4 % (Ns), showing that MVV is clearly distinct from other members of this species.
Amino acid pairwise distances between MVV and other Salehabad complex viruses were v14.5 % (L), v36.2 % (Gn), v21.5 % (Gc), v21.4 % (N) and v31.9 % (Ns), whereas compared with other Old World phlebovirus species they were i36.2 % (L), 59.4 % (Gn), 46.8 % (Gc), 48 % (N) and 62 % (Ns).
Phlylogenetic analysis
MVV belonged to the cluster that comprised viruses belonging to the Salehabad species, regardless of the gene used for analysis. The monophyly of the four viruses (SALV, ARBV, ADAV and MVV) was supported with bootstrap values i99 % for the five genes (Figs 1 and S1 , available in the online Supplementary Material). The major nodes allow identification of the virus species, and confirm topologies reported in previous studies (Figs 1 and S1) (Charrel et al., 2009; Palacios et al., 2013 Palacios et al., , 2014 Collao et al., 2009) . Maximum-likelihood analysis showed the same topotype relationships (data not shown).
MVV was also clearly distinct from other potential viruses in the Salehabad virus group, recently detected by molecular tools in Turkey (Edirne virus), in Albania and in Greece (ADRV) (Fig. 1) .
Recombination detection
No recombination event was detected between MVV and other viruses in the Salehabad virus complex.
Microneutralization assays
Detailed results are presented in Table 2 . A total of 1260 human sera (339 males, 921 females, sex ratio 0.37) were tested. The median age was 53 years (range 2-97). Neutralizing antibodies against T131 (T131 NT-Ab) were detected in a total of 17 sera (1.35 %): six had titre 20, eight had titre (Karabatsos, 1985; Verani et al., 1988) . Recently, ADAV was also isolated from fieldcollected sandflies from Turkey (Alkan et al., 2015) . Recent molecular data support the circulation of other potential viruses in the Salehabad virus group (Fig. 1 ): (i) in Albania, sequences of ADRV were detected from sandflies ; (ii) in Greece, one case of meningitis was attributed to ADRV in a patient with no history of travelling abroad (Anagnostou et al., 2011) ; (iii) in northwestern Turkey (eastern Thrace), sequences of Edirne virus were detected in sandflies (Ergunay et al., 2014) . However, these viruses remain to be isolated.
In our study, from 5228 sandflies organized in 249 pools, we isolated a novel phlebovirus, tentatively named Medjerda Valley virus (MVV) from the eponymous valley located near the trapping site. The complete sequence of MVV consists of three segments of 6403, 4216 and 1758 nt for the L, M and S segments, respectively. Genetic and phylogenetic analyses showed that the SALV-ARBV-ADAV-MVV cluster is supported by high bootstrap values (100 %) regardless of the gene segment used for the analysis. Moreover, analysis of recombination did not detect any recombination event between SALV, ARBV, ADAV and MVV. As previously reported for other Old World sandfly-borne phleboviruses (Alkan et al., 2015; Palacios et al., 2013) , the consistent grouping of MVV together with viruses belonging to the Salehabad virus species precludes the mechanism of recombination in the generation of MVV.
The greatest observed amino acid distances between MVV and other viruses in the Salehabad virus species were consistently less than the smallest distances observed between MVV and non-Salehabad virus phleboviruses. Moreover, the greatest observed distances between MVV and Salehabad viruses were always less than the smallest interspecific distances among ICTV-recognized species (40.0, 46.2, 33.6, 35.8 and 54.8 % for L, Gn, Gc, N and NS genes, respectively) . These genetic data strongly suggest that MVV belongs to the Salehabad virus species and is distinct from other viruses within this species complex.
Salehabad species viruses were long considered a group of viruses with no medical or veterinary interest. However, the recent evidence of human infection with ADRV in Greece (Anagnostou et al., 2011) and the high rates of neutralizing antibodies against ADAV recently found in Turkey in domestic animal sera (13.7 % for dogs in the Adana region; 6.1, 35.3 and 35.4 % for dogs, goats and sheep, respectively, in the Mersin region) (Alkan et al., 2015) provided evidence of circulation of these viruses among humans and animals.
In this study, we found that 1.35 % of the human sera from people living in the governorate of Bizerte had neutralizing antibodies against MVV. Since sandfly-borne phleboviruses are ubiquitous in nature the risk of cross-reactive antibodies from related phleboviruses merits raising. Owing to the limited volume of serum, we were not able to test related viruses in this study. However, the virus neutralization test is the most discriminative serological test; there is no cross-reactivity between viruses belonging to distinct serocomplexes or species (Plyusnin et al., 2011) . Concerning viruses belonging to the same species, a recent study showed that sera capable of neutralizing ADAV were not able to neutralize MVV, which was used as a surrogate for ARBV (Alkan et al., 2015) . Accordingly, it is likely that no cross-neutralization can be observed between any of the isolated Salehabad viruses known at the present time.
This very low prevalence suggests either that the local populations are not exposed to MVV or that MVV replicates poorly or does not replicate in humans. It could be that MVV is transmitted by a highly zoophilic sandfly species. This 1.35 % rate of positivity may indicate repeated exposure to virus antigen through significant and repetitive infective sandfly bites. Similar results were recently observed for ADAV in Turkey (also a member of the Salehabad virus species), where the seroprevalence rate in humans was 0.7 %, despite high seroprevalence in dogs (Alkan et al., 2015) . In Tunisia, a recent study has demonstrated a seroprevalence rate for Punique virus (a member of the sandfly Naples virus species) in human sera of 0.4 %, despite frequent detection of Punique virus in sandflies and high seroprevalence in dogs (Sakhria et al., , 2014 . The low seroprevalence in humans suggests that MVV is not likely to be important for public health in exposed human populations. However, further studies must be conducted to investigate its capacity to cause febrile illness, neuroinvasive infections, or other clinical manifestations in humans.
From 5288 sandflies collected, one pool was positive for MVV, yielding an infection rate of 0.02 %. A similar infection rate was observed in Turkey for ADAV (0.01 %) (Alkan et al., 2015) . The MVV infection rate is of the same order of magnitude as those for TOSV in Tunisia (0.03 %) and in Spain (0.05 %) (Sanbonmatsu-Gámez et al., 2005; Bichaud et al., 2013) . To increase the chances of viral isolation, live sandflies were not identified to species level because identification of individual specimens is time-consuming. Thus, MVV was obtained from a pool of unidentified females trapped in September 2010. However, concomitantly with virus isolation, the phenology of sandfly species was studied during May-November 2010. Most of the sandflies belonged to the subgenus Larroussius (98.3 %). P. perniciosus was the dominant species (71.74 %), followed by Phlebotomus longicuspis (17.47 %) and Phlebotomus perfiliewi (8.82 %) .
Other sandfly species, such as Phlebotomus papatasi, Phlebotomus sergenti, Sergentomyia minuta parotti, Sergentomyia christophersi and Sergentomyia antennata, were found but they represented less than 2 % . Therefore, it is probable that MVV is transmitted by sandfly species of the subgenus Larroussius. A similar study performed in a rural setting in Tunisia showed that P. perniciosus feed mostly on cattle (92 %) and less on humans (4.5 %), and therefore this sandfly species is highly zoophilic (Haouas et al., 2007) . However, in urban and peri-urban areas, where sandfly females become deprived of livestock, they may adapt to bite humans and dogs more frequently (Rossi et al., 2008) .
Accumulating evidence showed that the three sandflyborne phlebovirus species are represented in Tunisia and that all are capable of infecting human and non-human vertebrates. This is confluent with data reported from Turkey (Alkan et al., 2015) . The fact that viruses belonging to different species and antigenic serocomplexes co-circulate in the same local areas strongly advocates studying their impact on human and animal populations living in these areas using highly discriminative direct and indirect diagnostic tools.
To our knowledge, this study, with the isolation and the full sequencing of MVV, constitutes the first report of a virus within the Salehabad virus species in Tunisia. Our discovery of MVV, together with the recent isolation of ADAV in Turkey (Alkan et al., 2015) , demonstrates that the genetic diversity of the Salehabad virus species has been underestimated and its geographical distribution is significantly wide. Future studies are needed to investigate the capacity of specific members of the Salehabad virus species to cause human or animal diseases.
METHODS
Study site and sandfly trapping. Sandflies were collected at the Utique site (37u089N, 7u749E), a rural setting located in the governorate of Bizerte in the north part of Tunisia, by using CDC Miniature Light Traps (John W. Hock Company), modified using an ultrafine mesh placed on a 20|20 cm cubic steel frame. This location is also a well-known location of visceral leishmaniasis (Zhioua et al. 2007) . CDC light traps were placed inside houses and in animal shelters located in peri-domestic areas from dusk to dawn during the summer of 2010. Two campaigns were performed: one early in the season (May-June), during the first sandfly population peak; the second in September-October, during the second activity peak. The following morning, sandflies were collected and pooled based on trapping origin and gender, with a maximum of 30 individuals per pool, and stored at 280 uC until use.
Owners/residents gave oral permission to entomologists for the study to be conducted on their land/in their residences.
Detection of phlebovirus in sandfly pools by RT-PCR. Pools of entire sandflies were processed as previously described (Zhioua et al., 2010) . Briefly, after sandfly grounding in enriched minimal essential medium (MEM), the mixture was clarified by centrifugation at 5800 g for 10 min, and 200 ml supernatant was used for viral RNA purification. A volume of 10 ml RNA was used in each RT-PCR. Two sets of primers targeting different genes were used in independent reactions: (i) phlebovirus consensus primers targeting the polymerase gene in the L RNA segment (Nphlebo primers) (Sánchez-Seco et al., 2003) , (ii) primers specific for phleboviruses within the sandfly fever Naples virus complex and targeting the nucleoprotein gene in the S RNA segment (SFNV primers) (Charrel et al., 2007) . The cycling programme of the RT-PCR consisted of 48 uC for 45 min and 94 uC for 2 min, followed by 40 cycles at 94 uC for 30 s, 45 uC for 1 min and 68 uC for 45 s, with a final elongation step at 68 uC for 7 min. Nested PCRs were performed with the internal primers listed above, using the same conditions with 1.25 U Taq DNA polymerase (Invitrogen). All positive PCR products were column-purified (Amicon Ultra Centrifugal filters; Millipore) and sequenced directly in both directions.
Virus isolation. Vero cells were inoculated with sandfly pool supernatant. A volume of 50 ml homogenates from sandfly pools was diluted in 200 ml Eagle's MEM (EMEM) without FBS but enriched with antibiotics (100 IU penicillin G ml
21
, 100 mg streptomycin ml 21 , 100 mg kanamycin ml 21 and 7.5 mg amphotericin B ml 21 ). The total volume of diluted samples was then distributed in Nunclon cell culture tubes, and 250 ml Vero cells in suspension in medium without FBS was added to each tube. Tubes were incubated for 1 h at room temperature and shaken gently every 5 min to keep cells in suspension; then, 2.5 ml fresh 5 % FBS medium (Gibco; Life Technologies) (European Union-approved origin, South America) containing antibiotics and HEPES was added and tubes were incubated at 37 uC. Tubes were examined daily for the presence of a CPE, and 400 ml supernatant medium was collected for nucleic acid testing by RT-PCR using Nphlebo and SFNV primers after viral RNA extraction as aforementioned. All positive PCR products were column-purified and sequenced directly in both directions.
Full genetic characterization of virus strains. Tissue-culture samples presenting with CPE (passage 2) were prepared for full-length genome characterization by NGS. For RT-PCR, Vero cell culture supernatant was removed and clarified by centrifugation (3800 g for 5 min). A 140 ml volume was incubated with 30 U benzonase (Novagen) overnight at 37 uC, and then purified using the Viral RNA Mini kit (Qiagen) on the BioRobot EZ1-XL Advanced (Qiagen). Random amplification was performed using tagged random primer for reverse transcription and tag-specific and random primers for PCR amplification (Applied Biosystems). The PCR products were purified (Amicon Ultra Centrifugal filters; Millipore) and 200 ng was used for sequencing using the Ion PGM Sequencer (Life Technologies) (Rothberg et al., 2011) . Viral sequences were identified from the contigs based on the best BLAST similarity against reference databases. Sequence gaps were completed by PCR, using primers based on pyrosequencing data. For the termini of each segment, a primer with the 8 nt conserved sequence, with an arbitrary nucleotide added onto the 59 end, was used for a specific reverse transcription as previously described (Palacios et al., 2013) . For the confirmation of the final acquired sequences by NGS, specific primers were designed for Sanger sequencing of the complete genome.
Genetic distances and genetic analysis. Viral sequences of S, M and L segments were aligned with homologous sequences of selected members of the genus Phlebovirus retrieved from GenBank (http://www.ncbi.nlm.nih.gov/genbank). Genetic analysis was done using MEGA 5.2 (Tamura et al., 2011; www.megasoftware.net/) . Nucleotide and amino acid distances were calculated with the p-distance method. Neighbour-joining analysis was done by the p-distance method or Kimura two-parameter model, respectively, for amino acid or nucleotide sequences, with 1000 bootstrap pseudoreplications. Amino acid sequences in the polymerase, Gn, Gc, N and Ns proteins of all respective complete coding sequences retrieved from the
